Abstract: GaInNAs has been introduced to design an active switch operating at wavelength ¼ 1:2855 m having high selectivity. The device is made of a mono-dimensional periodic photonic band-gap structure constituted by alternating ridge waveguide layers with different ridge heights. The periodic waveguiding structure has been designed to show the band gap in correspondence of the wavelength range where the dilute nitride active material experiences maximum gain. As an example, the performances of the switch under electrical control are crosstalk CT ¼ À14:1 dB, gain in the ON-state G ¼ 7:6 dB, and bandwidth Á À10 dB ¼ 1:5 nm. By increasing the input power above the optical threshold value of the gain saturation, the switching performance worsens in terms of crosstalk and gain, but the wavelength selectivity improves, since the bandwidth decreases down to Á À10 dB ¼ 0:8 nm for the input optical power P i ¼ 20 mW.
Introduction
Optical switching functionalities are indispensable for the evolution of optical wavelength division multiplexing systems toward optical terabit networks [1] . This is reflected in the plurality of proposed switching technologies reported in literature in both active and passive configurations that include III-V's, polymers, and silicon substrates. The same applies for the underlying phenomena responsible for the switching mechanism. Optical switches, which take advantage of thermooptic effects [2] , electrooptic effects [3] , free-carrier dispersion [4] , [5] , and semiconductor nonlinearities [6] , have been demonstrated. Irrespective of the physical mechanism or photonic structure used for the realization of switching, the ideal optical switch should perform fast switching with high ON-OFF ratio, with low-power requirements, and also, it should be integrable. It has been demonstrated recently that photonic band-gap devices (PBG) based on periodic structures such as photonic crystals (PhC) can accommodate these requirements and are therefore a realistic technological solution for optical switching [7] - [9] .
PBG devices are an efficient tool of light manipulation at spatial scales that favor miniaturization. PBG structures are characterized by the periodic modulation of the refractive indices, which is able to inhibit the propagation of light at given wavelengths. With the appropriate perturbation of the PBG, it is possible to localize the mode. This PBG attribute has been exploited for the realization of optical devices such as waveguides, cavities, and filters [10] - [12] even by using nonconventional microstruttured optic fibers [13] , [14] . Exploiting the different material properties, the PBG structures can lead to interesting devices such as efficient tunable filters and frequency converters, e.g., in the case of liquid crystal infiltration or nonlinear materials [15] - [17] . Due to their capability of reducing the group velocity at certain wavelengths, PBGs also exhibit a more efficient interaction between the light and the active materials [18] , [19] .
In this paper, we differentiate from previous approaches to demonstrate the potential of new class of III-V materials, namely, dilute nitrides, in connection with periodic waveguiding structures for switching applications in the second window of the fiber optics telecommunications.
Dilute nitrides or III-V-N compounds offer versatility in band structure engineering. The insertion of nitrogen into III-V semiconductors allows contemporarily reducing the electronic band gap and the lattice constant. This peculiar behavior, specific to III-V-N compounds, leads to the possibility of tailoring both the electronic band gap and the band alignments [20] , whereas in conventional III-V compounds, the reduction of the band-gap energy is generally obtained by inserting an element that causes an increase in the lattice constant. By virtue of the design flexibility offered by dilute nitrides, several applications have been demonstrated, such as solar cells [21] , semiconductor optical amplifiers (SOA) [22] , and light sources, e.g., vertical-cavity surface-emitting lasers (VCSELs) [23] , ridge lasers [24] , and disk lasers [25] , [26] .
In particular, GaInNAs compounds have received growing interest in the last decade due to their potentiality for active device applications at the operating wavelength ¼ 1:3 m. The large conduction band offset induced by the introduction of only a small fraction of nitrogen in the InGaAs matrix leads to an efficient electron confinement in the quantum well (QW). The massive reduction in band gap, achieved due to nitrogen incorporation, enables the growth of very deep GaInNAsGaAs wells, which trap the carriers at elevated temperatures more efficiently than InP-based materials, and hence, temperature-insensitive operation is feasible [27] , [28] . In particular, as [28] reports, both the ASE intensity and the gain coefficient of GaInNAs optical amplifiers showed much less dependence on temperature than those measured for the conventional InP-based corresponding devices. Moreover, for GaInNAs lasers [29] , large band-gap materials such as GaInP and AlGaAs can be used for the cladding layer, thus allowing the effective reduction of the carrier overflow at high temperature, leading to better temperature characteristics. These results demonstrate the superior temperature characteristics of the GaInNAs SOA compared with conventional InP-based SOAs.
The temperature independence of the GaInNAs multi-QWs (MQWs) make these compounds particularly interesting for integrated optics compared with conventional optoelectonic devices based on InP technology [30] . In fact, the use of GaInNAs addresses the heating effects that can potentially hinder performance of photonic integrated circuits that are otherwise tackled with bulky solutions such as peltier coolers.
A further interesting feature of GaInNAs-based MQWs is the possibility to achieve polarization insensitivity, thus assuring equal gain for both TE and TM modes, as demonstrated in [22] for GaInNAs-GaInAs MQWs. This polarization insensitivity is important, particularly in telecommunication application in which the active device is used to amplify or switch optical signals whose polarization is randomized due to propagation in conventional optical fibers.
By combining the advantages of the electronic band-gap engineering of dilute nitrides with the capability of tailoring the light propagation by the PBG occurrence, we can tune the optical device characteristics to the applications' requirements, such as wavelength selectivity in WDM optical communication systems.
In this paper, we analyze the gain behavior of active ridge waveguides, based on GaInNAsGaInAs MQW, patterned with a periodic 1-D grating. The presence of the periodic variation of the waveguide geometry and the consequent occurrence of the PBG can strongly influence the gain behavior [19] . In previous works, we analyzed the switching mechanism that occurs in active defective structures, exploiting conventional III-V compounds, i.e., InGaAsP/InP [31] , and novel III-V-N ones, i.e., GaInNAs-GaInAs MQW [32] . In the previously proposed devices, only the defective region was considered active, and their behavior was analyzed under electrical control and below the optical threshold value of the gain saturation. Here, we investigate both the gain behavior and the wavelength selective switching capability of a completely periodic structure, which is made wholly active by current injection in a GaInNAs-GaInAs MQW. In particular, we focus on the effect of the current variation on the spectral behavior of the periodic structure, which leads to the switching functionality, and on the effect of the optical gain saturation.
Brief Theory
The design of the active switch has been carried out by analyzing the electromagnetic (EM) propagation by means of the Bidirectional Beam Propagation Method based on Method of Lines (MoL-BBPM), a robust technique for the EM propagation modeling able to analyze the propagation step by step along the structure [33] - [35] . In this way, some effects such as the injection of current in the active layers can be easily accounted for. In particular, the PBG waveguide was analyzed by a proprietary code based on the MoL-BBPM. This algorithm calculates both the forward ðþzÞ and backward ðÀzÞ propagations along the longitudinal z-direction of the waveguide structure. Moreover, at the discontinuities between two alternating layers along the grating structures, from the knowledge of the incident wave, it is possible to calculate the waves transmitted and reflected at each interface. The evaluation of the transmitted and the reflected waves is obtained, both in the backward and forward propagation directions, by imposing the continuity of the EM field components at the interfaces between different dielectric layers. The overall EM field in the structure is given by the superposition of all the reflected and the transmitted waves calculated at each propagation step. The algorithm proceeds until the convergence criterion is met, i.e., the change of the EM field, at the generic ith iteration, in the output section is less than a given tolerance " (in the analyzed cases " ¼ 10 À5 ) [19] :
In addition, the interaction of the injected current with the active materials is accounted by introducing the rate equations [19] . The material gain gðx ; y ; z; ; Þ, which is function of the spatial coordinates x ; y ; z, of the charge density and of the wavelength , is obtained from the calculation of the electronic structure of Ga 0:77 In 0:23 N 0:03 As 0:97 =Ga 0:8 In 0:2 As QWs. This was performed in the context of the Band Anticrossing Model to account for the N-induced nonparabolicity of the conduction band, and the 6 Â 6 LK Hamiltonian for the valence bands accounting for the valence band mixing and the strain effects [22] . The electronic bandstructure is used in Fermi's Golden rule (free-carrier theory) to yield material gain [22] . In this way, the bandstructure effects are taken into account rigorously in the EM simulations.
The following expression of the rate equation was used in the stationary analysis [31] :
where ðx ; y ; zÞ is the charge density distribution, d a is the active layer thickness, jE ðx ; y ; zÞj is the electric field modulus; h ¼ 6:626 Á 10 À34 J Á s is the Planck constant, e ¼ 1:602 Á 10 À19 C is the electron charge, the product hv is the photon energy expressed in eV, J is the injected current density, and À ¼ 0:044 is the optical confinement factor which was estimated according to the averaging procedure reported in [36] and quantifies how much the optical mode is confined in the active layers. The coefficient À was assumed constant since it mainly depends on the number of QWs, whereas the modal profile and, therefore, the optical confinement does not significantly change in the considered wavelength range. Moreover, A ¼ 2 Á 10 8 s À1 , B ¼ 7 Á 10 À17 m 3 s À1 , and C ¼ 4 Á 10 À41 m 6 s À1 are the nonradiative, radiative, and Auger recombination coefficients, respectively, D e ¼ 0:001 m 2 s À1 is the diffusion coefficient, and gðx ; y ; z; Þ is the material gain [22] , [32] . For the sake of compact notation, we omit, in (1) and in the following, the dependence on the wavelength of the relevant quantities such as the material gain, the EM field, and the refractive index.
In order to simplify the numerical model and to reduce the computational effort required, the 3-D ridge waveguide structure was reduced to a 2-D one according to the refractive effective index method (REIM) [37] . The REIM was demonstrated to agree well with analytical solutions and with other bidimensional and 3-D numerical methods (i.e., finite-element method, mode matching, etc.) [38] , [39] .
The electric field E ðx ; y ; zÞ propagating along the waveguiding device was then calculated from the solution of the scalar wave equation
where k 0 is the vacuum wavenumber, and nðx ; y ; zÞ is the complex refractive index. In the active medium, the complex refractive index n a ðx ; y ; zÞ was calculated as [31] n a ðx ; y ; zÞ ¼ n p þ e ðx ; y ; zÞ þ j gðx ; y ; z; Þ 2k 0
where n p is the refractive index of the active medium when the charge injection is absent, and e ¼ À1:8 Á 10 À26 m 3 is the antiguide coefficient. In order to allow the step-by-step solution, in a straightforward manner, of the rate equation (1) and of the wave equation (2) within the MoL-BBPM algorithm, the material gain, shown in Fig. 1 as a function of the charge density and of the wavelength , was approximated through the following expression valid below the material gain saturation:
gðx ; y ; z; ; Þ ¼ a 2 ðÞ 2 ðx ; y ; zÞ þ a 1 ðÞðx ; y ; zÞ þ a 0 ðÞ:
The coefficients a 2 , a 1 , and a 0 , reported in Table 1 , are determined at each wavelength to achieve the best fitting of the theoretical material gain as a function of the carrier density. In particular, the coefficients a 0 , a 1 , and a 2 of the second-order fitting polynomial were calculated, at each wavelength, on the basis of the minimization of the least square error. Considering the behavior of the material gain as a function of the carrier density, the slope of the material gain curve decreases with the charge densities. This behavior was taken into account in the approximation with a constant value that represents the maximum gain saturation value.
As an example, Fig. 2(a) and (b) shows the theoretical material gain (solid curve) and the approximating curve (dashed curve) as a function of the charge density and of the wavelength , respectively. In particular, Fig. 2(a) pertains to the wavelength fixed value ¼ 1:285 m, whereas Fig. 2(b) corresponds to the charge density fixed value ¼ 3:6 Á 10 24 m À3 . 
Active Photonic Band-Gap Structure
In Fig. 3 , the examined device is sketched. Fig. 3(a) shows the transversal section of the active waveguiding structure constituted by a ridge waveguide, the core of which is made of four (2), by the material gain, and in the EM propagation by the effective refractive index, calculated according to the REIM. Moreover, this particular QW arrangement yields polarization-insensitive performance [22] . The ridge waveguide is characterized by the other following geometrical and physical parameters at the operating wavelength B ¼ 1:2894 m 
Active Device Operation Under Current Control
In Fig. 4 , the spectra of the transmittance T for different values of the injected current are shown. The transmittance T was calculated according to the following definition:
where I T is the intensity of the optical field transmitted at the output port, and I IN is the intensity associated to the input signal. The intensities were calculated as
where E i is the electric field, and the subscript i refers to the input and the transmitted waves. Owing to the amplification effect of the optical signal, due to the injection of current, the value of the transmittance T can be higher than unity. Due to the periodic grating, we can notice the occurrence of the PBG, which we define, in the case of a wholly active periodic structure, as the wavelength interval centered at the wavelength of minimum transmittance, i.e., the Bragg wavelength, and delimited by the two adjacent relative maxima (i.e., the band edges). Owing to the refractive index change caused by the charge density variation, the PBG shifts toward lower wavelength values as the injected current increases from I ¼ 12 mA to I ¼ 24 mA. This range of variability for the injected current corresponds to current density values comparable with those typically reported for other applications such as SOAs and ridge laser diodes [22] , [24] .
In particular, Fig. 5(a) shows the behavior of the wavelength max of the maximum transmittance T max and of the wavelength min of the minimum transmittance T min as a function of the injected current I. Considering the transmittance spectra shown in Fig. 4 , the maximum transmittance T max occurs in correspondence of the right band edge of the photonic band gap. Moreover, the Bragg wavelength, i.e., the wavelength min where the minimum transmittance occurs, experiences a wavelength shift due to the refractive index change induced by the injected current I.
In Fig. 5(a) , we can also see that, by increasing the injected current, both the min and max values move toward lower wavelength values assuming an almost linear trend with a slope equal to À0:145 Á 10 À3 m=mA. In addition, Fig. 5(b) reports the patterns of the T min (solid curve) and T max (dashed curve) values as a function of the corresponding min and max values, whereas the circles indicate some of the injected current values. It is apparent that, by increasing the injected current from 12 mA to 24 mA, the T min values increase from 0.20 to 0.62 (the corresponding min values shift from 1.2847 m to 1.2830 m), and the T max values increase from 0.57 to 5.69 (the corresponding min values shift from 1.2878 m to 1.2855 m). Moreover, for I ! 14.2 mA, the maximum transmittance is greater than 1, because the gain due to the injected current is greater than the loss contribution.
From the findings in Figs. 4 and 5, we can infer that the examined PBG waveguiding structure can act as an active switch under current control. In fact, for ¼ 1:2855 m (dashed vertical line in Fig. 2) , the transmittance increases from T OFF ¼ 0:23 to T ON ¼ 5:69 as the injected current varies from 12 mA to 24 mA, respectively, thus switching from the OFF-to ON-states. This switch exhibits crosstalk CT ¼ 10logðT OFF =T ON Þ ¼ À14:1 dB, gain in the ON-state G ¼ 7:6 dB, contrast ratio CR ¼ T ON =T OFF ¼ 24:7, modulation depth MD ¼ 1 À T OFF =T ON ¼ 0:96, and the bandwidth for which CT À10 dB is Á À10 dB ¼ 1:5 nm. These parameters assure that it is possible at the receiver to distinguish between the two ON-and OFF-states (i.e., to distinguish whether the transmitted bit is zero or one). Fig. 6 shows the pattern of the transmittance T calculated at the wavelength value ¼ 1:2855 nm as a function of the injected current. We can see that, by fixing the injected current I ¼ 24 mA in the ON-state, better switching performance can be obtained for those I values in the OFF-state for which the transmittance is almost equal to zero. It is evident that greater gain G in the ON-state can be obtained for higher I values, whereas for I ! 27 mA, the transmittance reaches its maximum, with a transmittance saturation effect, corresponding to gain value 
Influence of the Optical Saturation
A further parameter that influences the switching behavior of the proposed active device is the optical input power P i . In fact, to parity of injected current, the optical input power and, therefore, the electric field modulus can affect drastically the solution of the rate equation (1) . When the P i value is increased over a certain optical threshold P th , a detriment of the optical gain occurs. This phenomenon, known as gain saturation effect, causes, on one hand, the reduction of the maximum transmittance and, on the other hand, it gives a wavelength shift of the transmittance peak. We have calculated that, for the chosen injected current values, the optical threshold assumes a value equal to about P th ¼ 0:09 mW. To evaluate how gain saturation affects the switching mechanism, we report in Fig. 7 the patterns of the transmittance T [see Fig. 7(a) ] and of the corresponding transmitted power P T [see Fig. 7(b) ] as a function of the injected current for different values of the input power P i . It is evident in Fig. 7 (a) that, for P i 9 P th , the T decreases thus adversely affecting the switching performance. This is better demonstrated if we calculate the crosstalk between the two OFF-ðI ¼ 12 mAÞ and ON-states ðI ¼ 24 mAÞ for different P i values. For P i ¼ 0:09 mW, P i ¼ 12 mW, and P i ¼ 20 mW, we have calculated CT ¼ À14:1 dB, CT ¼ À12:8 dB, and CT ¼ À11:5 dB, respectively. Switching performance is not only deteriorated by the suppression of CT for P i 9 P th but also by the decrease of gain G ¼ 7:6 dB, G ¼ 6 dB, and G ¼ 4:5 dB for P i ¼ 0:09 mW, P i ¼ 12 mW, and P i ¼ 20 mW, respectively.
Moreover, to parity of injected current by increasing the input power above the threshold value, the spectrum of the transmitted power shifts toward greater wavelength values. This occurrence is evident in Fig. 8 , which illustrates the spectra of the transmitted power for input power (a) P i ¼ 12 mW and (b) P i ¼ 20 mW for both the values of the injected current in the OFF-ðI ¼ 12 mAÞ and ON-states ðI ¼ 24 mAÞ. The spectra in Fig. 8 show an enhancement of gain at the photonic band edges, coherently with the experimental demonstration reported in [40] and [41] . This occurrence is due to the reduction of the group velocity v g of the propagating EM signal and to the consequent enhancement of the interaction between the EM field and the active material [18] , [19] .
We can see in Fig. 8 (a) that, for P i ¼ 12 mW, the maximum of the transmitted power P ON ¼ 55:4 mW for I ¼ 24 mA occurs at the right band edge of the PBG for ¼ 1:2858 m, whereas for I ¼ 12 mA, the power transmitted at ¼ 1:2858 m is P OFF ¼ 2:9 mW. We can notice that, for P i ¼ 12 mW, the switching mechanism from the OFF-to ON-states and vice versa occurs at ¼ 1:2858 m with a crosstalk CT ¼ À12:8 dB, gain in the ON-state G ¼ 6:6 dB, contrast ratio CR ¼ 18:9, modulation depth MD ¼ 0:95, and bandwidth Á À10 dB ¼ 1:0 nm.
Moreover, Fig. 8(b) shows that, in the case of P i ¼ 20 mW, the maximum of the transmitted power P ON ¼ 80:1 mW for I ¼ 24 mA occurs at the right band edge of the PBG for ¼ 1:2859 m, whereas for I ¼ 12 mA, the power transmitted at ¼ 1:2859 m is P OFF ¼ 5 mW. Therefore, for P i ¼ 20 mW, the switching mechanism from the OFF-to ON-states and vice versa occurs at ¼ 1:2859 m with a crosstalk CT ¼ À12 dB, gain in the ON-state G ¼ 6 dB, contrast ratio CR ¼ 16, modulation depth MD ¼ 0:94, and bandwidth Á À10 dB ¼ 0:8 nm.
Summarizing, the increase of the input power above the threshold value P th ¼ 0:09 mW worsens the switching performance. In fact, by increasing the input power from P i ¼ 0:09 mW to P i ¼ 20 mW, the crosstalk value increases from CT ¼ À14:1 dB to CT ¼ À12 dB, the gain of the ON-state decreases from G ¼ 7:6 dB to G ¼ 6 dB, the contrast ratio decreases from CR ¼ 24:1 to CR ¼ 16, and the modulation depth decreases from MD ¼ 0:96 to MD ¼ 0:94. On the other hand, the bandwidth Á À10 dB decreases progressively as a function of P i , thus making the designed switch more wavelength selective. In particular, by increasing the input power from P i ¼ 0:09 mW to P i ¼ 20 mW, the bandwidth decreases from Á À10 dB ¼ 1:5 nm to Á À10 dB ¼ 0:8 nm. 
Conclusion
The influence of the injected current on the optical propagation characteristics of dilute nitrides' MQW PBG structure has been investigated. In particular, a wavelength selective active switch at the wavelength ¼ 1:2855 m has been designed. A good value of the crosstalk CT ¼ 10LogðP OFF =P ON Þ ¼ À14:1 dB with a gain in the ON-state equal to G ¼ 7:6 dB is achieved. The presence of a narrow band edge delimiting the PBG in the ON-state allows to obtain a strongly wavelength selective switching at ¼ 1:2855 m for which a crosstalk CT À10 dB is assured in the bandwidth Á À10 dB ¼ 1:5 nm. Compared with InP-based active switch reported in [31] , for which a device gain G ffi 4 dB was demonstrated at wavelength ¼ 1:5494 m, the proposed dilute nitride QW active switch achieves higher device gain G ¼ 7:6 dB at ¼ 1:2855 m. Moreover, even the crosstalk improves for our examined device decreasing from CT ffi À11 dB for the InP switch to CT ¼ À14:1 dB for the GaInNAs device.
The influence of the gain saturation effect, due to the increase of the input power above the threshold value, causes the deterioration of the switching performance by reducing the gain G, the modulation depth MD, and the contrast ratio CR, and by increasing the CT. However, the saturation of the gain improves the wavelength selectivity with the reduction of the bandwidth value to Á À10 dB ¼ 0:8 nm.
